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IntroductIon
Typified by elastomers and gels, soft materials are structures formed by combinations of covalent and noncovalent bonds (hydrogen bonds, molecular interaction, etc). Although non-covalent bonds are generally weaker than covalent bonds, they are in most cases reversible, contributing greatly to the dynamic character of soft materials (dynamic character here denotes the facility for structural change accompanied by scission and formation of molecular chains). At the same time, there is growing interest in "dynamic covalent chemistry" which, as a chemical system with dynamic character, utilises special bonds which though covalent can achieve revers ible cleavage and formation [1] . Molecular structures based on covalent bonds in equilibrium are characterised by thermodynamically stable structures which nonetheless respond to environmental changes (change in temperature and concentration, addition of chemical species, etc). If equilibrium covalent bonds of this kind could be introduced into the molecular skeleton that makes up a soft material, one might expect that the structure could be freely reorganised after synthesis without recourse to non-covalent bonding. This could also provide a means of developing diverse functional soft materials, e.g. a revolutionary way of synthesising soft materials difficult to obtain by existing synthetic methods, and could provide dynamic soft materials whose structure and properties vary with the ambient environment.
The author's group has been keenly pursuing studies of reactive soft materials that make use of exchangeable covalent bonds of this kind [2, 3] . For example, by exploiting a molecular skeleton that enters a dynamic state in response to some kind of external stimulus, it is possible to obtain a soft material supporting both a normal static state and a dynamic state under stimulus. Thus, since the material in its normal state behaves as a soft material with stable covalent bonds, conventional handling and characterisation are possible; but under external stimulus a dynamic state is assumed and the material becomes amenable to structural reorganisation. This review outlines the design, synthesis and structural reorganisation behaviour of a number of reactive soft materials utilising exchangeable covalent bonds ( Figure 1 ) with reference mainly to the work of the author's own group.
LInear poLymers that exchange maIn chaIns on heatIng
In derivatives called alkoxyamines, derived from stable nitroxyl radicals, some of the bonds repeatedly undergo reversible, uniform scission and recombination on heating. It is known that this characteristic may be ingeniously exploited so that the derivative functions as the initiating skeleton and growing end chain in living radical polymer isation [4] . We discovered that the alkoxyamine skeleton behaves as a bond interchange unit in the absence of monomer. Specifically, it was shown by model experiments with low molecular weight compounds that a crossover reaction mediated by a radical process proceeds when an alkoxyamine derivative is heated [5] . Drawing on the results of the model experiments, linear polymers containing an alkoxyamine skeleton in the main chain were synthesised and it was shown that when an anisole solution of the polymers was heated, a molecular level was achieved by means of a scrambling reaction between different polymer species containing an alkoxyamine skeleton [7] . precIsIon structuraL transformatIon of soft materIaLs by heatIng By refining the molecular design, we were able to extend the alkoxyamine radical crossover reaction to various precision structural transformations including transform ation between linear polymers and comb polymers [8] , linear polymers and cross-linked polymers [9] , macrocyclic compounds and cyclic polymers [10] , and linear polymers and star polymers [11, 12] , and the functional group transform ation of brush polymers immobilised on an inorganic substrate [13] . For instance, linear polymers that had two kinds of alkoxyamine with complementary reactivity inserted in the side chain were synthesised and transformation from linear polymer to crosslinked polymer was effected by radical exchange reaction. Although the resultant polymers were chemically crosslinked, they contained an alkoxyamine skeleton at the junctions and could therefore be transformed back to linear polymer by the addition of excess alkoxyamine compound and heat treatment (Figure 3) [9]. Furthermore, noting the high functional group tolerance of the radical reactions, we went on to show that structural transformation of alkoxy amine polymers was possible even in aqueous systems [14] .
poLymers that Interchange maIn chaIns under cataLysIs or uLtravIoLet IrradIatIon
The hybridisation of polymers through the reorganisation of dynamic covalent bonds is applicable to systems other than alkoxyamines. The double bond, one of the simplest kinds of bond, provides a covalent bond exchangeable by olefin cross-metathesis reaction using a ruthenium catalyst called Grubbs catalyst. Like a radical reaction, olefin metathesis exhibits high tolerance towards most functional groups, and has the potential for extension to a diverse range of polymers [15] . main chain interchange reaction proceeded via radical crossover, with a dramatic change in the polymer molecular weight and molecular weight distribution ( Figure 2) [6] . Furthermore, successful hybridisation at the 
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The author's group studied the main chain interchange reaction of polybutadiene and a polyester containing double bonds in the main chain, and discovered that hybridisation of the polymers proceeded readily at room temperature in the presence of Grubbs catalyst [16] . Chain-growth polymerised and step-growth polymerised polymers can be freely hybridised with this reaction system. In fact, structural transformation from a mixture of homo polymers obtained by different polymerisation methods to multiblock copolymers or random copolymers was shown to be possible (Figure 4) . A reaction system for main chain exchange via photoirradiation was also realised by making use of the disulphide linkage as a bond interchange unit [17, 18] .
reactIve soft materIaLs that seLf repaIr Self-healing soft materials based on autonomously exchangeable covalent bonds will now be outlined. The development of next generation soft materials has recently been investigated from a number of different angles but, in particular, research and development on soft materials with self-healing properties has grown dramatically since the turn of the century.
There are a number of known approaches to the expression of self-healing properties. One is to introduce revers ible bonds into the molecular skeleton that makes up a soft material. Our group focused on new covalent bond units that reorganised autonomously. The diarylbibenzofuranone (DABBF) skeleton, formed by dimerisation of arylbenzofuranone (ABF) derivatives, was shown to undergo radical dissociation even under mild conditions and hence function as an autonomously exchangeable unit [19, 20] . In order to synthesise a DABBF-based crosslinked polymer, a polyaddition reaction was carried out between a DABBF derivative containing four hydroxyl groups and a polypropylene glycol terminated by aromatic isocyanate groups. The mobility of the reaction mixture decreased as reaction progressed and complete gelation was observed after 48 hours.
To observe the self-healing behaviour of the crosslinked polymer obtained, a chemical gel formed from the cross linked polymer swollen in organic solvent was cut into two; the cut surfaces were then brought into contact without heating or application of force and the sample was left to stand in the dark at room temperature. Evaluation of the self-healing behaviour by tensile testing established that repair occurred gradually over several hours after contact, with a high rate of recovery of 95% or more of the original mechanical properties 24 hours from initial contact ( Figure 5) . No recovery at all was observed in a control sample that had no exchangeable units. Although investigations are still at the explora tory stage, the results have provided new design pointers for self-healing soft materials.
concLusIons
All the reactive soft materials highlighted here are based on nonionic reaction and have the characteristic of high tolerance towards a wide range of functional groups and solvents. The nanohybridisation reaction and main chain interchange based on olefin metathesis are also applicable to key rubber constituents such as poly butadiene and polyisoprene. Furthermore, the fundamental insights we have gained into reversible crosslinking have a close bearing on the retrogression/ regeneration of crosslinked polymers. Studies of selfhealing can contribute greatly to extending the longevity of soft materials, rubber included. It is hoped that the results reviewed here will assist developments in rubber related fields in the near future. 
